A 1-step RT-PCR assay, targeting a 730 bp fragment of the nucleocapsid (N) gene of bovine coronavirus (BCV), and a nested PCR assay, targeting a 407 bp fragment of the N gene, were developed to detect BCV in nasal swab and fecal samples of calves experimentally exposed to BCV. Both 1-step RT-PCR and nested PCR recognized cell culture passaged isolates of 10 bovine respiratory coronavirus (BRCV), 5 calf diarrhea (CD) and 8 winter dysentery (WD) strains of BCV, but not transmissible gastroenteritis coronavirus or bovine rotavirus. The sensitivity of the 1-step RT-PCR and nested PCR was compared to that of an antigen-capture ELISA. The lowest detection limit of the 1-step RT-PCR and nested PCR as determined by using tenfold serial dilutions of the BRCV 255 and 440 strains in BCV negative nasal swab suspensions from preexposure gnotobiotic calves was 2 × 10 4 and 2 × 10 2 TCID 50 /0.1 ml for each strain, respectively. The lowest detection limit of the antigen-capture ELISA as determined by using the same serially diluted samples was 1 × 10 6 TCID 50 /0.1 ml for each strain. Therefore, the 1-step RT-PCR and nested PCR assays were 50 and 5000 times, respectively more sensitive than the antigen-capture ELISA to detect BRCV in nasal swab suspensions. To investigate in vivo cross-protection between the BRCV and CD or WD strains of BCV and to detect nasal and fecal shedding * Present address: College of Veterinary Medicine, Chonnam National University, Kwangju 500-757, South Korea. of BCV using the 1-step RT-PCR, nested PCR and antigen-capture ELISA, 6 colostrum-deprived and two gnotobiotic calves were inoculated with a BRCV, a CD or a WD strain of BCV and then challenged 3-4 weeks later with either BRCV, CD or WD strains of BCV. All calves developed diarrhea after inoculation and BCV antigen (ELISA) or RNA (RT-PCR) was detected in the diarrheic fecal samples or the corresponding nasal swab samples. In addition, low amounts of BCV were also detected only by nested PCR in the fecal and nasal swab samples before and after diarrhea. No respiratory clinical signs were observed during the entire experimental period, but elevated rectal temperatures were detected during diarrhea in the BCV-inoculated calves. All calves recovered from infection with the BRCV, CD, or WD strains of BCV were protected from BCV-associated diarrhea after challenge exposure with either a heterologous or homologous strain of BCV. However, all calves challenged with heterologous BCV strains showed subclinical BCV infection evident by detection of nasal and fecal shedding of BCV RNA detected only by nested PCR. Such results confirm field and experimental data documenting reinfection of the respiratory and enteric tracts of cattle, suggesting that, in closed herds, respiratory or enteric tract reinfections may constitute a source of BCV transmissible to cows (WD) or neonatal or feedlot calves. In addition, the present 1-step RT-PCR and nested PCR assays were highly sensitive to detect BCV in nasal swab and fecal specimens. Therefore, these assays should be useful to diagnose BCV infections in calves and adult cows.
Introduction
Bovine coronavirus (BCV), a member of the Coronaviridae family, causes severe diarrhea in newborn calves (CD) and is associated with winter dysentery (WD) in adult cattle [2, 20] . The BCV possesses a single-stranded, non-segmented RNA genome of positive polarity [6] . The virion contains four major structural proteins: the nucleocapsid (N) protein, the transmembrane (M) protein, the hemagglutinin/esterase (HE) protein and the spike (S) protein [24] . The BCV N protein is a 50-kd phosphoprotein that binds viral genomic RNA to form the helical nucleocapsid [12] . The N protein may play a role in replication of viral RNA, since antibody directed against the N protein inhibits the in vitro RNA polymerase reaction [3] . The N protein of BCV shows an overall amino acid sequence identity of 70% with mouse hepatitis virus, a member of the same coronavirus serogroup 2, but only 29% identity with the N protein of transmissible gastroenteritis virus and infectious bronchitis virus, members of coronavirus serogroups 1 and 3, respectively [12] .
Although diarrhea is recognized as the main clinical feature of BCV infections, BCV also causes respiratory tract infections in calves. Results of comparative studies indicated that coronaviruses isolated from either the intestinal or respiratory tract of calves replicated in both the intestinal and upper respiratory tracts of gnotobiotic or colostrum-deprived (Cols-D) calves [21] . Bovine respiratory coronavirus (BRCV) strains were frequently detected by ELISA and isolated from nasal swab samples of feedlot cattle with respiratory tract disease after shipping [9, 13, 22, 25] . Thus BRCV infection may contribute to the bovine respiratory disease complex, which is the single most important syndrome affecting 6-to 10-month-old beef cattle after entry into feedlots in North America [16] . There are reports [9, 25] that BCV strains isolated from the respiratory tract had different biological and antigenic properties from BCV strains isolated from the enteric tract, whereas others reported no differences between enteric and respiratory BCV strains [18, 26] . Fukutomi et al. [8] found that the BRCV and bovine enteric coronavirus (BECV) isolated from the respiratory and enteric tracts of a cow with winter dysentery, respectively, belonged to different antigenic groups according to their reactivity against monoclonal antibodies to the spike glycoprotein. However, in another report by Zhang et al. [32] , they found a specific BRCV strain was genetically similar to enteric coronaviruses, with 98.7% nucleotide similarity of the spike gene sequence between the BRCV and BECV isolates. Others reported that calves, which recovered from infection with the CD or WD strain of BCV, were protected from BCV-associated diarrhea after challenge exposure with either the CD or WD strain of BCV [7, 21] , but nasal shedding of BCV was detected in 2 of 4 calves. To our knowledge, there are no in vivo cross-protection studies between BRCV, CD and WD strains of BCV.
A high degree of sensitivity is required to detect BCV, especially from nasal specimens of cattle early or late in the course of illness when they may have transient low levels of viral shedding and may also have preexisting antibodies to BCV either passively or actively acquired. Although calves that recovered from experimental infection with the CD or WD strain of BCV were protected from BCV-associated diarrhea after challenge exposure with either the CD or WD strain of BCV, nasal shedding was detected by ELISA from PCD 2 or 3 and persisted for 2 to 4 days in 2 of 4 calves challenge-exposed to heterologous BCV strains, suggesting that in closed herds, respiratory tract reinfections may constitute a source of BCV transmissible to cows (WD) or young calves [21] . Moreover, there is a report that chronic shedding of BCV in feces was observed in clinically normal cows [4] . Similarly, specificity is equally important to avoid false-positives. Silva et al. [22] reported detection of BRCV using an ELISA that demonstrated high specificity (95.4%), but lower sensitivity (76.5%). Therefore, more sensitive tests are required to detect BRCV in nasal swab samples to improve the diagnosis of BRCV infections and to examine repeat infections with homologous or heterologous BCV strains.
The RT-PCR assay is useful to detect small quantities of nucleic acids and it is widely used for the diagnosis of infectious diseases. The RT-PCR amplification of BCV RNA from fecal specimens has been described and its sensitivity has been reported [28] . The use of RT-PCR and nested PCR as a diagnostic tool for BRCV and its comparison with other routine diagnostic methods such as ELISA has not been reported to our knowledge. The purpose of our study was to investigate the in vivo cross-protection between BRCV (930), CD (DB2) and WD (DBA) strains of BCV and the occurrence of reinfections detected by RT-PCR and nested PCR. We also developed a simple 1-step RT-PCR and a nested PCR to detect BRCV in nasal swab as well as fecal specimens from calves experimentally infected with CD, WD and BRCV strains of BCV and compared their sensitivity with that of an antigen-capture ELISA previously developed by our laboratory.
Materials and methods

Reference viruses and cells
The human rectal adenocarcinoma (HRT-18) cells were used for virus propagation. The BCV strains which were passaged as previously described [9] in HRT-18 cells included calf diarrhea (CD) strains (Mebus, DB2, 216XF, OHC, SDC), winter dysentery (WD) strains from adult cows (DBA, SD, BM, CN, AW, TS, BE, BW) and bovine respiratory coronavirus (BRCV) strains from feedlot cattle (BRCV 67, 76, 117, 220, 228, 255, 265, 430, 440, 930) [9, 27] . The growth medium was Eagle's minimum essential medium (EMEM) supplemented with 5% fetal bovine serum, 1% antibiotics (penicillin, dihydrostreptomycin, and mycostatin) and 1% NaHCO 3 . The maintenance medium was EMEM supplemented with 1% antibiotics and 1% NaHCO 3 .
Virus titration
Virus titration was performed using HRT-18 cell cultures grown in 96 well microplates [26] . For virus titration, serial 10-fold dilutions of viruses were made in maintenance medium. Four wells of HRT-18 cells were each inoculated with 0.1 ml of each dilution, incubated for 4 to 6 days at 37 C and examined for cytopathic effects (CPE). Infectivity titers were expressed as median tissue culture infectious doses (TCID 50 )/0.1 ml.
Calves
Six 1-to 10-day-old Cols-D and two 5-and 27-day-old gnotobiotic calves were used for these studies ( 
Clinical observations and specimen collection
After inoculation and challenge exposure, respiratory signs, rectal temperatures and color and consistency of feces from each calf were evaluated daily. Feces were scored on a scale of 0-4, with 0 representing firm; 1, pasty; 2, semimucoid; 3, liquid and 4, profuse diarrhea. Nasal and fecal specimens were collected daily as described previously [7] for 21 days after inoculation and 15 days after challenge exposure. Blood samples were collected from each calf prior to inoculation and prior to challenge exposure, then 15 days later after challenge exposure (Table 1) .
BCV antigen ELISA
An indirect antigen-capture ELISA employing monoclonal antibodies (Mabs) to BCV as capture antibodies (Abs) was used to detect BCV in nasal swab fluids and fecal suspensions as previously described [13, 23] . Briefly, the plates were read at 414 nm using an ELISA reader, and the absorbances were saved as ASCII files. A spreadsheet program was used to calculate the ELISA values for the samples, by subtracting the average absorbance of the paired BCV antibody negative-coated wells from the average absorbance of the paired BCV antibody positive-coated wells. Samples with an absorbance of 0.03 or greater were considered to be positive for BCV antigen.
Extraction of viral RNA
To compare the sensitivity of the PCR based assay with ELISA, Mebus (1 × 10 5 TCID 50 /0.1 ml), BRCV-255 (1×10 8 TCID 50 /0.1 ml), and BRCV-440 (1×10 8 TCID 50 /0.1 ml) strains were serially diluted 10-fold in either maintenance medium or normal nasal swab suspensions from preexposure gnotobiotic calves. RNA was extracted based on the acid guanidinium-phenol-chloroform RNA extraction method [1] . Briefly, 500 l Solution D (4 M guanidinium thiocyanate, 25 mM Sodium citrate, pH7, 0.5% sarcosyl, 0.1 M 2-mercaptoethanol) and 50 l 2 M sodium acetate (pH4.0) were added to individual tubes containing 200 l of each of the above serially 10-fold diluted BCV specimens, fecal suspensions diluted 1:25 with maintenance medium, or nasal swab samples. After mixing, 500 l of water saturated phenol (pH 4.5) and 100 l of chloroform and isoamylalcohol (49:1) were added, vortexed briefly and placed on the ice for 15 min. The mixture was centrifuged at 20,800 g for 20 min at 4 C and the supernatant was transferred into a new tube. To remove non-specific inhibitors of the PCR reaction present in the extracted samples, the supernatant was purified using the Rnaid kit according to the manufacturer's instructions (BIO 101, Inc., La Jolla, CA). The extracted RNA was resuspended with 50 l DEPC treated water. As negative controls, RNA was extracted from mock-infected HRT-18 cells, nasal swab suspensions from preexposure gnotobiotic calves, swine testicular cells infected with the Miller strain of transmissible gastroenteritis coronavirus and Rhesus monkey kidney cells infected with bovine rotavirus OK strain.
Virus inactivation
To assess the possibility that the RT-PCR or nested PCR were detecting residual BCV inoculum after inoculation or challenge, we inoculated a gnotobiotic calf (Calf No. 8) with inactivated BRCV to study virus shedding. The BRCV 930 strain was inactivated by chloroform treatment. Briefly, 50 ml of infected HRT-18 tissue culture supernatant containing the BRCV 930 strain was mixed with 2.5 ml of chloroform (Amersco Inc. Solon, OH, USA). This mixture was agitated for 10 min at 4 C and centrifuged at 400 g for 5 min at 4 C. The upper layer supernatant was used for virus inoculum after allowing the residual chloroform to evaporate.
To assess the lowest detection limit of the PCR based assays and ELISA for inactivated virus, the inactivated BRCV-440 (1 × 10 8 TCID 50 /0.1 ml) strain was serially diluted 10-fold in normal nasal swab suspensions from preexposure gnotobiotic calves. RNA was extracted using the acid guanidinium-phenol-chloroform RNA extraction method as mentioned earlier.
Preparation of oligonucleotide primers
The oligonucleotide primers used in the RT-PCR and nested PCR were designed from the 
RT-PCR
The conventional RT-PCR assay was performed with minor modifications as described previously [28] . The reverse transcriptase reaction was conducted as follows. In the tube, 10 l of RNA sample was added to 2 l of the downstream primer (50 pmol). The tube was incubated at 100 C for 2 min and then quenched on ice for 5 min. Subsequently, 4 l of 5 × RT buffer [250 mM tris-HCl (pH8.3), 375 mM KCl, 15 mM MgCl 2 ], 1 l of 0.1 M dithiothereitol, 2 l of 10 mM dNTPs, 0.5 l of RNAsin (Promega Corporation), and 0.5 l of AMV RT (Promega Corporation) were added and incubated at 37 C for 60 min. Then 10 l of the RT reaction samples were added to 40 l of the PCR mixture. The PCR mixture consisted of 5 l of 10 × buffer [100 mM Tris-HCl (pH 8.3), 500 mM KCl, 15 mM MgCl 2 , 0.01% gelatin], 1 l of 10 mM dNTPs, 0.5 l of the upstream primer (50 pmol), 0.5 l of the downstream primer (50 pmol), 32.5 l of water and 0.5 l of Taq polymerase (Promega Corporation) (5 U/l). The mixture was overlaid with mineral oil and then subjected to 5 min of preheating at 94 C, 35 cycles of 1 min at 94 C, 1 min at 58 C, 2 min at 72 C and a final 7 min incubation at 72 C. The PCR products were visualized on 1.5% agarose gels stained with ethidium bromide.
To develop a simple and more rapid method for the detection of BCV RNA, a 1-step RT-PCR assay was performed with modifications as described previously [31] . The tube containing 5 l of the RNA sample and 1 l of DMSO was incubated at 70 C for 10 min and then quenched on ice. Subsequently, 44 l of the RT-PCR mixture was added. The RT-PCR mixture consisted of 5 l of 10 × buffer [100 mM Tris-HCl (pH 8.3), 500 mM KCl, 15 mM MgCl 2 , 0.01% gelatin], 5 l of MgCl 2 (25 mM), 1 l of 10 mM dNTPs, 1 l of the upstream primer (50 pmol), 1 l of the downstream primer (50 pmol), 0.5 l of RNAsin (Promega Corporation), and 0.5 l of AMV RT (Promega Corporation), 0.5 l of Taq polymerase (Promega Corporation) (5 U/l). The mixture was incubated for 60 min at 42 C, preheated for 5 min at 94 C, subjected to 35 cycles of 1 min at 94 C, 1 min at 58 C, 2 min at 72 C and a final 7 min incubation at 72 C. The PCR products were visualized on 1.5% agarose gels stained with ethidium bromide.
Nested PCR
For increasing the sensitivity and specificity of the RT-PCR, 5 l of diluted RT-PCR products (1:100) were added to a tube containing 45 l of the PCR mixture (final dilution of 1,000 times). If the predicted band was absent by RT-PCR, 5 l of undiluted RT-PCR product was subjected directly to nested PCR. The PCR mixture consisted of 5 l of 10 × buffer [100 mM Tris-HCl (pH 8.3), 500 mM KCl, 15 mM MgCl 2 , 0.01% gelatin], 5 l of MgCl 2 (25 mM), 1 l of 10 mM dNTPs, 1 l of the nested PCR upstream primer (50 pmol), 1 l of the nested PCR downstream primer (50 pmol), 0.5 l of Taq polymerase (Promega corporation) (5 U/l) and 31.5 l water. The mixture was preheated for 5 min at 94 C, subjected to 30 cycles of 1 min at 94 C, 1 min at 58 C, 2 min at 72 C and a final 7 min incubation at 72 C. The PCR products were visualized on 1.5% agarose gels stained with ethidium bromide. As a negative control, RT-PCR products with RNA extracted from mock-infected HRT-18 cells was used.
BCV antibody ELISA
An antibody-detection ELISA previously developed by Lathrop et al. [13] for BRCV and by Smith et al. [23] for enteric BCV was performed to detect IgG antibodies to BCV in serum samples from experimental calves. The plates were read at 414 nm using an ELISA reader, and the absorbances were saved as ASCII files. A spreadsheet program was used to calculate the ELISA values for the samples, by subtracting the average absorbance of a row of wells coated with mock-infected cell culture supernatant from the average absorbance of the BCV-coated wells at each dilution for each sample. The titer was determined to be the serum dilution at which the mean absorbance of the positive wells was 0.1 greater than the mean absorbance of the negative wells.
Data analysis
The percent observed agreement, sensitivity and specificity for ELISA compared to RT-PCR and nested PCR was calculated for nasal and fecal samples from the experimental calves [15] . A Kappa value was calculated to determine the agreement beyond chance between the ELISA and RT-PCR and the ELISA and nested PCR. When = 0 there is no agreement beyond chance levels: when < 0.3 the agreement is poor. A value of between 0.3 and 0.5 is acceptable, between 0.5 and 0.7 is good, and > 0.7 is excellent [17] .
Results
Development of RT-PCR and nested PCR
The RT-PCR was first standardized with RNA isolated from the tissue culture propagated BCV strains (5 CD strains, 8 WD strains, and 10 BRCV strains). A specific 730 bp band was detected after amplification with all 5 CD, 8 WD and 10 BRCV strains (Fig. 1A) . To increase sensitivity, nested PCR was performed with the RT-PCR products. PCR products of 407 bp were detected after nested PCR with all 5 CD, 8 WD and 10 BRCV strains of BCV (Fig. 1B) . To study the specificity of the primers, PCR was also performed with RNA extracted from rotavirus, transmissible gastroenteritis coronavirus, mock-infected HRT-18 cells, and BCV negative nasal swab suspensions from preexposure gnotobiotic calves. The RT-PCR and nested PCR detected no bands in these control RNA samples.
To develop a simpler RT-PCR assay, the RT reaction and PCR were performed in the same tube (1-step RT-PCR). The BRCV 220 (1 × 10 8 TCID 50 /0.1 ml) and 440 (1×10 8 TCID 50 /0.1 ml) strains and CD Mebus strain (3×10 8 TCID 50 /0.1 ml) were serially diluted tenfold and the sensitivity of 1-step RT-PCR was compared with that of conventional RT-PCR in which the RT and PCR were done in separate tubes. The lowest detection limit of the 1-step RT-PCR as determined by using serial dilutions was 2 × 10 4 TCID 50 /0.1 ml with both BRCV 220 and 440 strains and 6 × 10 4 TCID 50 /0.1 ml with the CD Mebus strain (Fig. 2A) . The sensitivity of the 1-step RT-PCR was consistent with that of the conventional RT-PCR in which RT and PCR were done separately.
Nested PCR was performed using the amplified products from the 1-step RT-PCR with extracted RNA from each serial dilution of the BRCV 220 and 440 strains and CD Mebus strain. The lowest detection limit of the nested PCR was 2 × 10 2 TCID 50 /0.1 ml with both BRCV 220 and 440 strains and 6 × 10 2 TCID 50 /0.1 ml with the CD Mebus strain (Fig. 2B) . Fecal samples could have non-specific inhibitors of the PCR reaction [30] . The sensitivity of RT-PCR using BCV diluted in fecal suspensions was 10-fold lower in comparison with that of RT-PCR using BCV diluted in medium or PBS (data not shown). To investigate the possibility that non-specific inhibitors of the PCR reaction in nasal swab suspensions could influence the assay sensitivity, each BRCV 220 and 440 strain and CD Mebus strain was serially diluted tenfold in BCV negative nasal swab suspensions from preexposure gnotobiotic calves and the 1-step RT-PCR and nested PCR were performed. Assay sensitivity was compared with that of 1-step RT-PCR with RNA extracted from BCV serially diluted in maintenance medium. The RNA of BCV diluted with either maintenance medium or nasal swab suspensions was extracted using the Rnaid kit in which possible non-specific inhibitors of the PCR reaction were removed from the RNA matrix. The lowest detection limit of 1-step RT-PCR or nested PCR with RNA extracted from BCV diluted in either maintenance medium or nasal swab suspensions was the same as mentioned earlier for each respective assay. To confirm whether inactivation decreased the sensitivity of ELISA, 1-step RT-PCR and nested PCR assays were performed using serial dilutions of the inactivated BRCV 440 strain. The lowest detection limit of these methods was consistent with that of the original non-inactivated BRCV 440 strain.
Comparison of the sensitivity of capture ELISA, 1-step RT-PCR and nested PCR
In order to compare the sensitivity of the PCR based assays with the antigen capture ELISA, BRCV 220 (1×10 8 TCID 50 /0.1 ml) and 440 (1×10 8 TCID 50 /0.1 ml) strains and CD Mebus strain (3 × 10 8 TCID 50 /0.1 ml) which were grown in HRT-18 cells were serially diluted in either maintenance medium or BCV negative nasal swab suspensions from preexposure gnotobiotic calves and both PCR assays and antigen capture ELISA were performed. The lowest detection limit of antigen capture ELISA with samples from BCV diluted with maintenance medium was 1 × 10 5 TCID 50 /0.1 ml with the BRCV 220 and 440 strains and 3 × 10 5 TCID 50 /0.1 ml with the CD Mebus strain, respectively. When the BCV was diluted in nasal swab suspensions there was a ten-fold decrease in sensitivity. The RT-PCR and nested PCR, using the dilution of BCV in nasal swab suspensions gave an approximately 50-and 5000-fold increase in sensitivity compared to antigen capture ELISA for the nasal swab suspensions.
Clinical signs of disease, nasal and fecal shedding of BCV and IgG antibody titers to BCV in calf sera
Six Cols-D and 1 gnotobiotic calf were inoculated with BRCV, CD and WD strain of BCV and calves were challenge exposed with the homologous or heterologous BCV (Tables 1 and 2 ) to investigate their in vivo cross-protection and the onset and duration of nasal and fecal shedding of BCV. The fecal and nasal swab samples were tested by antigen-capture ELISA, RT-PCR and nested PCR (Tables 1 and 2) . No calves showed any respiratory signs after inoculation or challenge exposure with the BCV strains. Elevated body temperatures were observed only during diarrhea. One gnotobiotic calf was inoculated with the inactivated BRCV 930 strain of BCV. The fecal and nasal swab samples were collected for 10 days and tested by ELISA, RT-PCR and nested PCR to detect BCV. No clinical signs including elevated body temperatures, respiratory or enteric disease were observed. The BCV was not detected in any samples by ELISA, RT-PCR and nested PCR, suggesting that the BCV detected in the nasal and fecal specimens of the inoculated calves represented replicating virus and not merely collection of the virus inoculum in the nasal secretions or feces.
By ELISA, nasal shedding of BCV was detected in 5 of 6 BCV-inoculated Col-D calves by PID 3-4 and shedding persisted for 5-6 days, intermittently. By RT-PCR all BCV-inoculated calves shed BCV nasally by PID 3-4, which persisted for 2-10 days, intermittently (Fig. 3A) . By nested PCR, nasal shedding of BCV was detected in all BCV-inoculated calves by PID 1 to 3 and it persisted intermittently for 5-17 days until PID 19 ( Fig. 3B & Table 1 ). Except for mock challenge-exposed Calf No. 1, no nasal shedding of BCV after challenge exposure was detected by ELISA or RT-PCR. However, by nested PCR, all challengeexposed calves, except the homologous virus (Calf No. 3), inactivated virus (Calf No. 8) and mock challenged-exposed (Calf No. 1) calves, showed nasal virus shedding by PID 1 that persisted intermittently for 3 to 11 days. By PID 3 to 7, all BCV-inoculated calves developed profuse watery diarrhea that persisted for 3 to 5 days. The BCV antigen was detected in feces by ELISA from PID 2 to 5 and shedding persisted for 4 to 6 days. By RT-PCR, all BCV inoculated calves shed BCV in feces by PID 3 to 6 and shedding persisted for 2 to 8 days. By nested PCR, fecal shedding of BCV could be detected in all inoculated calves by PID 2 to 3 and persisted intermittently for 17 days (Fig. 3C) .
After challenge exposure, only the mock-inoculated, BRCV 930 challengeexposed calf No. 2 developed diarrhea and fecal shedding and, no diarrhea or fecal shedding of BCV detected by ELISA or RT-PCR occurred in any of the other BCVchallenged calves. By nested PCR, however, all calves except the homologous virus (Calf No. 3), inactivated virus (Calf No. 8) and mock challenged-exposed (Calf No. 1) calves, had fecal shedding of BCV by PID 1 to 3 for 2-11 days.
Twenty-four swab samples (8.9%) were positive by both ELISA and RT-PCR; 17 samples (6.3%) were positive by RT-PCR and negative by ELISA; 2 (1.1%) were positive by ELISA and negative by RT-PCR; and 224 (83.5%) were negative by both tests (Table 3a) . The percentage of agreement between the 2 assays was 92.5%. The sensitivity and specificity of RT-PCR compared with ELISA were 88.8% and 92.9%, respectively. The agreement beyond chance was calculated with a Kappa statistic, which was = 0.66 for these data.
Twenty-seven nasal swab samples (10.0%) were positive by both ELISA and nested PCR; 64 samples (23.8%) were positive by nested PCR and negative by ELISA; no samples were positive by ELISA and negative by nested PCR; and 177 (66.0%) were negative by both tests (Table 3b ). The percentage of agreement between the 2 assays was 74.1%. The sensitivity and specificity of nested PCR compared with ELISA were 100% and 73.4%, respectively. The agreement beyond chance calculated with a Kappa statistic was = 0.35.
Thirty-four fecal samples (12.6%) were positive by both ELISA and RT-PCR; 7 samples (2.6%) were positive by RT-PCR and negative by ELISA; 6 (2.2%) were positive by ELISA and negative by RT-PCR; and 221 (82.4%) were negative by both tests (Table 3c ). The percentage of agreement between the 2 assays was 95.1%. The sensitivity and specificity of RT-PCR compared with ELISA were 81.0% and 96.6%, respectively. The agreement beyond chance calculated with a Kappa statistic was = 0.81.
Forty fecal samples (14.9%) were positive by both ELISA and nested PCR; 76 samples (28.3%) were positive by nested PCR and negative by ELISA; no samples were positive by ELISA and negative by RT-PCR; and 152 (56.7%) were negative by both tests (Table 3d ). The percentage of agreement between the 2 assays was 71.6%. The sensitivity and specificity of nested PCR compared with ELISA were 100% and 66.6%, respectively. The agreement beyond chance calculated with a Kappa statistic was = 0.37.
The IgG antibody titers in sera collected at inoculation, challenge exposure and termination of the experiment from inoculated and challengeexposed calves were determined by antibody capture ELISA (Table 1) 
Discussion
The RT-PCR amplification of BCV RNA from stool specimens has been described, but to our knowledge, there are no reports of the diagnosis of BCV in feces and nasal swabs by RT-PCR and nested PCR. We designed primers from the nucleocapsid gene of BCV because this gene is conserved among BCV strains [5] . All 5 CD, 8 WD and 10 BRCV strains were detected by RT-PCR, suggesting that the sequences of the primers used in this study were conserved among these clinically diverse BCV strains. Nested primers can further amplify the products of the RT-PCR reaction. The nested PCR primers used in this study amplified the predicted bands of 407 bp from the RT-PCR products of all 5 CD, 8 WD and 10 BRCV strains of BCV. Moreover, primers used in this study for RT-PCR and nested PCR did not amplify RNA from rotavirus, transmissible gastroenteritis coronavirus, mock-infected HRT-18 cells, and nasal swab and fecal samples from preexposure gnotobiotic or Cols-D calves. From these results, primers used for RT-PCR and nested PCR in this study were specific for detecting BCV including CD, WD and BRCV strains. The assay protocol to detect BCV RNA should be as simple as possible such that it could be simultaneously applied to large numbers of clinical samples. Also, if possible, radioisotopes should be avoided as they are costly and difficult to use in many diagnostic laboratories. To accommodate these requirements, the reverse transcription and PCR amplification reactions were conducted sequentially in a single tube and the PCR products were detected by ethidium bromide staining following fractionation on an agarose gel. In the present study, the 1-step RT-PCR amplification in the same tube was of similar sensitivity for detection of BCV RNA to that of RT and PCR amplification steps, which were done in different tubes. From these results, the 1-step RT-PCR assay was useful for the detection of BCV in the fecal and especially the nasal swab samples.
The ideal method for detection of BCV in nasal swab samples should also have a high degree of sensitivity and consistency of performance in the laboratory. The antigen-capture ELISA with BRCV strains used in the present study could detect approximately 1 × 10 5 and 1 × 10 6 TCID 50 /0.1 ml of BCV in the BCV samples serially diluted with medium or normal nasal swab suspensions, respectively. The reason for this decrease in sensitivity when the antigen-capture ELISA is done using nasal swab suspensions is unclear but it possibly reflects the presence of blocking substances in the nasal swab suspensions, as in fecal suspensions [11, 29] . The lower sensitivity limit of RT-PCR and nested PCR with BRCV strains used in this study was 2 × 10 4 and 2 × 10 2 BCV TCID 50 /0.1 ml of BCV in the BCV samples serially diluted with normal nasal swab suspensions. Comparison of the RT-PCR and nested PCR assays with antigen-capture ELISA showed that they are 50 and 5000 times more sensitive, respectively than ELISA.
Fecal samples could have non-specific inhibitors of the PCR reaction [30] . To remove non-specific inhibitors of the PCR reaction present in the nasal swab samples, we used the Rnaid kit according to the manufacturer's instructions (BIO 101, Inc. La Jolla, CA). Some of the positive samples (after RNA matrix treatment) were negative by RT-PCR if the RNA matrix was not used (data not shown) suggesting that possible non-specific inhibitors of the PCR reaction were removed by the RNA matrix in the Rnaid kit. The sensitivity of RT-PCR and nested PCR with RNA extracted from BCV diluted in maintenance medium or nasal swab suspensions were the same and was not affected by inhibitory substances in the nasal swab suspensions. Therefore, RNA purification with RNA matrix in the kit used in the present study was highly effective to remove nonspecific inhibitors possibly present in the nasal swab suspensions.
In this study, the BRCV 930, CD DB2 and WD DBA strains of BCV infected and caused diarrhea in Cols-D and gnotobiotic calves. By ELISA and RT-PCR, the patterns of fecal and nasal shedding of BCV observed after primary inoculation with either the BRCV 930, CD DB2, or WD DBA strains were similar to those reported in other studies of gnotobiotic, Cols-D, or field calves infected with CD or WD BCV strains [7, 10, 18, 19, 21, 26] . To our knowledge, however, there are no published studies of in vivo cross-protection between BRCV and CD or WD BCV strains. In the present study, calves that recovered from infection with BRCV, CD or WD strains of BCV were protected from BCV-associated diarrhea after challenge exposure with either the BRCV, CD or WD strains of BCV. This result was consistent with previous reports in which calves recovered from primary infection with CD DB2 or WD DBA BCV strains were protected from BCV-associated diarrhea after challenge exposure with either the WD DBA or CD DB2 strains of BCV [7] .
A high degree of sensitivity is desirable in BCV assays, especially for specimens from calves early or late in the course of illness or after reinfection that may have low levels of BCV shedding. In the present study, the sensitivity and specificity of RT-PCR compared with ELISA were high. Although the sensitivity of nested PCR compared with ELISA was very high, the specificity was low. The correlation between the ELISA and RT-PCR assays with nasal and fecal samples was considered good, 92.5 and 95.1% agreement and = 0.66 and 0.81, respectively. However, the correlation between the ELISA and nested PCR assays with nasal and fecal samples was considered poor and acceptable, 76.1% and 71.6% agreement and = 0.35 and 0.37. These results indicate the sensitivity of RT-PCR and nested PCR was very high.
There is a report that calves that were inoculated with the WD DBA strain and then challenge-exposed to the CD DB2 strain were completely protected from fecal shedding of BCV [7] . However, 2 of 4 calves had a few infected nasal epithelial cells for 2 to 4 days after challenge exposure, suggesting reinfection of the upper respiratory tract by the CD DB2 strain of BCV [7] . Although in the present study calves recovered from primary infection with BCV were protected from BCV associated diarrhea after challenge exposure, low amount of nasal and fecal virus shedding of BCV, which were detectable only by nested PCR, were observed in all calves but the homologous virus challenged calf (No. 3) on PID 1-3 for 3-11 days. In addition, low amounts of nasal and fecal virus shedding of BCV was observed in nasal and fecal samples obtained from inoculated calves before or after diarrhea. To confirm whether the early shedding of BCV was due to BCV RNA derived from the inoculum, a gnotobiotic calf was inoculated with inactivated BRCV 930 strain and the fecal and nasal swab samples obtained were tested by ELISA, RT-PCR and nested PCR. No BCV antigen or RNA was detected in these samples even at 1-2 PID. These results suggest that the present nested PCR assay might be useful for diagnosis of subclinical BCV infections in calves. However it is unknown if the inoculated and challenged calves shedding BCV RNA by nested PCR only are capable of transmitting BCV infection to susceptible cohorts. This should be examined in future studies. The subclinical nasal and fecal shedding of BRCV, CD and WD BCV RNA detected by nested PCR in experimentally challenge-exposed calves agrees with results of field studies that documented chronic, repeated nasal shedding of BCV by infected calves [10] and chronic fecal shedding of BCV in healthy adult cattle detected by ELISA [14] .
In the present study, no major differences were observed in IgG antibody titers to BCV in serum of the various experimental calves. This finding is in concordance with the report of El-Kanawati et al. [7] , who noted that the IgG antibody titers in serum increased after challenge exposure with heterologous BCV strains. In addition, the IgG antibody titers to BCV in the serum of a calf that was inoculated and challenge-exposed to the same strain, BRCV 930, also increased after challenge exposure.
In the present study, all calves inoculated with BRCV, CD or WD strains of BCV and then challenged 3-4 weeks later with either BRCV, CD or WD strains of BCV developed diarrhea, then recovered and were protected from BCV-associated diarrhea after challenge exposure with either the homologous or heterologous BCV strains. Nasal and fecal shedding of BCV, which were detectable only by nested PCR, after challenge exposure confirmed field and experimental data documenting reinfection of the respiratory and enteric tracts of cattle, suggesting that, in closed herds, respiratory or enteric tract reinfections may constitute a source of BCV transmission to cows (WD) or young calves. In addition, the present 1-step RT-PCR and nested PCR assays were highly sensitive and specific to detect BCV in nasal swab and fecal specimens. Therefore, these assays might be useful to diagnose BCV infections in calves and adult cows.
